Comparative genomics has emerged as a valuable tool for locating genes, transcription factor motifs and other putative control regions. There are, however, issues that keep comparative genomics from being a straightforward process. These caveats fall into three categories: database, computational and biological. In this review paper, these caveats will be discussed and illustrated using related case studies.
INTRODUCTION The role of comparative genomics in molecular biology
With the completion and accessibility of large genome sequence databases, comparative genomics has emerged as a useful tool for developing hypotheses that can later be tested at the bench. 1, 2 The method is based on the premise that regions of biological importance are conserved across species and that comparison of two sequences from different species will yield regions of high identity, including putative control regions. 3 This technique has been especially useful in identifying conserved control regions in non-coding sequences. 1, 4 Comparative genomic studies have been used to identify enhancers in gene-poor regions that function at near megabase distances. 1, 4 With access to online genomic databases, and the availability of comparative genomics tools, comparative genomics has emerged as a useful tool for cataloguing and annotating the noncoding regions of the human genome.
Caveats associated with comparative genomics
Even with access to whole-genomic sequence information, there are caveats. For example, the quality of the sequence data can have a negative impact on a comparative genomics study. Caveats are also associated with the programs used to run the comparisons. The use of global and local alignment strategies can have dramatic effects on the output of a study. 3 Other factors, such as the size of the search window and the efficiency of the algorithm, can also introduce a limitation. Finally, caveats are associated with biological factors such as repeats, inversions, transpositions and pseudogenes that must be considered when interpreting the results of a comparative genomics study. The presence of pseudogenes may result in regions of high identity that are misinterpreted as a gene. Genomic rearrangements present in one species but not in another may force researchers to restructure their study. Here, three case studies are used to show how these limitations can affect a comparative genomics study, and a tiered approach is proposed for dealing with these caveats.
DATABASE CAVEATS
The starting point of any comparative genomics study is the acquisition of data from one of a number of databases. The main concern here is the accuracy and consistency of the sequence data being used for the comparison, given that the amount of information for the full genomic sequence of an organism can be of the order of billions of bases. Furthermore, the databases are constantly being updated.
Another concern involves genetic (as opposed to genomic) databases. Before whole-genome databases were assembled, sequence information was held in sub-genomic databases, which contained sequences of genes (exons, introns and cDNAs) but not a complete assembly of the genome. There are two potential problems with these sub-genomic databases. They may not contain all of the sequence needed by a researcher or they may contain different alleles or sequences, other than the wild-type. 5 These sequence differences will affect the results of a comparative genomics study. Although the concern is less today because of the existence of genomic databases, genetic databases still exist. Sequences for organisms that do not have genome assemblies (such as non-human primates) only exist in genetic databases.
One final, major concern with respect to human databases is that about 1 per cent of the human genome has yet to be sequenced. 6 Most of these sequences are centromeric or in highly repetitive locations, thus making them hard to sequence using current methods. Some of these sequences flank genes.
Researchers need to be aware of these issues when obtaining sequence information. Because information in databases may not perfectly represent any genome, researchers should check multiple databases and refer to publications to decide which databases provide the most accurate location and sequence for their locus of interest.
Comparison of KRML and MafB: The importance of accurate coordinate information A case study in which the human KRML gene and the corresponding mouse MafB gene were compared, serves as an example of the consequences of using databases that are constantly being updated. Failure to take this into account may lead to the wrong regions being compared and erroneous conclusions being drawn.
A comparison was made between the sequence of the mouse MafB gene and the sequence of the corresponding human gene (KRML) using zPicture. Sequence information was uploaded to zPicture 7 using coordinate information derived from the The National Center for Biotechnology Information (NCBI) database. Sequence information was obtained by searching for MafB using NCBI's map viewer. This comparison yielded no regions of identity (data not shown), despite the fact that MafB and KRML are known to be homologues. 8 Another comparison was run in the same manner using the coordinates of the University of California Santa Cruz (UCSC) database. Coordinate information was obtained by searching for MafB in the UCSC genome browser. This comparison yielded high identity across the single exon gene (> 90 per cent identity). These two comparisons were performed in summer 2003.
This case study shows how databases can disagree on the location of a gene. For this reason, it is important to check the databases for their revision history and supporting publications. This also demonstrates the ever-changing nature of databases. In spring 2004, the NCBI and UCSC databases agreed on the location of KRML, although they disagreed on this at the time this comparison was run (spring 2003) . This is an example of why it is necessary for researchers involved in comparative genomics studies to check Database content is not static databases regularly and update their sequences.
COMPUTATIONAL CAVEATS
After verifying the validity of the data, the researcher must then be aware of the inherent limitations of the tools being used and be careful in selecting the appropriate one. There are many issues involved in selecting a comparative genomics program.
One issue is the size of the search window (a window in which to analyse data). If the program searches for a segment that is shorter than its given window, it will not return a region with 100 per cent identity, even if the sequences are identical. A smaller search window could be used, but as the window becomes extremely small, the probability of a segment of window length occurring randomly increases. Therefore, extremely short windows are not useful. Some, but not all, programs allow the user to alter the size of the window.
Another issue related to window size is how a program attempts to align data. Some programs will attempt to find a global alignment between sequences, while others attempt to find local alignments dynamically -regardless of the order. 3 This can have profound implications for the effectiveness of a program for a particular region. VISTA and LAGAN 9 use global alignment strategies, while zPicture 7 uses a dynamic BLASTz-based 10 alignment strategy. The global alignment algorithm will lose power when sequences greatly deviate in size, because it tries to align the whole sequence, not just parts, while the power of the dynamic alignment algorithm is largely unaffected by deviations in overall sequence size.
There are other issues relevant to the way programs attempt to align sequence data. The analysis of multi-exon genes versus the analysis of single exon genes is an example. A local alignment program will have a much easier time finding identity when comparing genes with multiple exons, while a program that tries to align large segments may falter due to intron sizes that vary from species to species. When dealing with a gene with a single exon, however, like KRML/MafB used in the previous example, a program that tries to align larger segments may function more efficiently. Another issue is whether the program calculates and compares the reverse complement. Often, genomic input only includes one strand, while either strand of DNA may have functional elements on it. Calculation of the reverse complement allows the program to take into account both strands. Not all programs will do this automatically.
Programs may be limited by the size and number of sequences that they can process. The more efficient a program's comparison algorithm, the greater the length of sequences it can efficiently process. Limitations in sequence size may also be hard coded. This is especially relevant to researchers who wish to scan long segments of the genome at one time.
Finally, researchers and programmers alike must consider that there are levels of complexity and functionality of the genome yet to be known or understood. The functionality of regions around the centromeres of chromosomes is not yet sufficiently well understood to construct algorithms to study them. The implication is that current algorithms may be inadequate for the analysis and discovery of new elements of the genome. Researchers may find that no program perfectly suits their needs.
Search window limitations
A case study in which zPicture was used to verify the expected polymerase chain reaction product of a set of primers demonstrates how the limitations of a program can affect the results of a comparative genomics study.
Comparisons were made between two short 25-base primer sequences and the UCP3 gene in the human and in the mouse (these primers corresponded to
Comparative genomic tools home limitation exon 6 of human UCP3) using zPicture. Sequence information was downloaded by zPicture using coordinate information obtained by searching the UCSC genome database. The 25-base primer sequences alone returned no identity when compared against the human and mouse UCP3 sequences (data not shown). The comparison using the 25-base sequences and the intervening sequence returned a block of 100 per cent identity when compared with the human gene that they flanked. The comparison using the 25-base sequences and intervening sequence returned a region of high identity corresponding to an exon of the mouse UCP3 gene (. 80 per cent identity).
This case study serves as an example of a potential limitation of comparative genomics programs. The 25-base primer sequences returned no identity because the sequence length was much shorter than the search window of the program. This was not a problem with the sequence itself, as it was known to have 100 per cent identity in the human, and yet no regions of identity were returned. zPicture uses a search window (set to 100 by default but dynamically adjustable by the user, with no apparent limitations) that would not return any regions of identity when the primer sequence was used because it was shorter than the search window. When a longer sequence was used, zPicture immediately returned a block of 100 per cent identity. The size and use of a search window is one of many factors that must be considered when choosing and using a comparative genomics tool.
BIOLOGICAL CAVEATS
Finally, after selecting appropriate tools, researchers must deal with biological caveats. These issues arise due to the fact that the structure of the genome varies significantly between organisms, thus making a straightforward comparison a quite complicated process.
First of all, there are issues surrounding non-coding control regions. The analysis of non-coding control regions is often the goal of a comparative genomics study. Evidence suggests that control regions can be upstream, downstream or even inside (ie in introns) of a gene. 1, [11] [12] [13] In addition, control regions have been shown to function nearly one million bases away from the promoter. 12 Because noncoding control regions are not annotated like genes, the only way to keep track of their location is through the genes that flank them. This emphasises the importance of understanding the arrangement and relative orientations of genes in a region when performing comparative genomics studies.
Differences in arrangement (eg differences in the order of genes, in flanking genes, in the copy number of genes or in orientation) introduce uncertainty into a comparative genomics study.
Differences in the number of repetitive elements or the size of an element will reduce the chance of finding an alignment by changing the relative length of the region and introducing gaps; however, repeats in one species can have high identity with similar repeats in another species. This could result in regions of high identity that may be mistaken for control regions. The mouse genome (one of the major comparative models used in comparative genomics) is problematic because it exhibits higher nucleotide substitution, insertion and deletion rates. 14 Pseudogenes are another potential cause for concern.
14 Because of the great similarity between pseudogenes and their parent gene, they can create regions of high identity when compared with their parent gene or with genes that code for proteins with regions similar to the parent gene of the pseudogene. Pseudogenes can be identified by characteristics such as the lack of a true promoter, the lack of introns and frame shifts due to degradation by insertion and deletion mutations. 14 
Gene orientation and comparative genomics
A case study involving the comparative genomics analysis of the IL10 region in Genomic organisation varies across species the human and mouse serves as an example of how differences in gene orientation can affect a comparative genomics study.
A comparison was made between the mouse and human IL10 regions (initially including IL10 and 10 kilobases (kb) upstream and downstream) using VISTA. Sequence information was downloaded from the NCBI database in FASTA format by searching for IL10 in NCBI's map viewer and then downloading the sequence. This comparison using VISTA returned zero identity (data not shown). The same comparison was made with zPicture using coordinate data from the NCBI and UCSC databases. Coordinate data were obtained using the search function of the UCSC genome database. Regions of high identity were found in all exons and untranslated regions (UTRs).
The scope of the search was expanded to include 100 kb upstream and downstream of the IL10 region by subtracting 100 k from the first coordinate and adding 100 k to the second coordinate. These comparisons were run using zPicture and LAGAN. Comparisons using zPicture are shown in Figure 1 . Regions of high identity were observed in all exons, the UTRs and the intronic regions of IL10. Genes in the surrounding area (MAPKAPK2 and IL19) similarly showed regions of high identity in all exons and some regions of high identity in UTRs and intronic regions. Peaks in non-coding regions showed analogous spacing and structure between the two species. The sequence data for the IL10 region were orientated in different directions in the two databases. The same comparison using LAGAN returned similar results utilising the reverse complement option on (Figure 2) . This case study demonstrates how gene orientation must be taken into account when interpreting comparative genomic data. In order for a program to detect identity between two sequences on different strands, it needs to calculate the reverse complement of one sequence and use that in the comparison. In this case, IL10 and the genes surrounding it are on opposite strands in the mouse and human. VISTA failed to find any regions of identity in the first comparison because it did not calculate the reverse complement. LAGAN has the option of calculating the reverse complement, and zPicture automatically takes into account both the sequence and its reverse complement. Programs perform straight sequence comparisons. It is up to the user to take into account gene orientation and how it will affect the results.
CONCLUSIONS
In summary, caveats in comparative genomics include biological, computational and database caveats. The aforementioned issues imply that a tiered approach to the gathering of comparative genomics data is necessary in order to obtain useful results.
A tiered approach
The first tier involves dealing with all database caveats to ensure that the sequence data are as accurate as possible and have been obtained from as many databases as possible, with publications being consulted when there are discrepancies between databases. All variant sequence data should be kept for use in comparisons. Researchers should also gather information on the characteristics (ie pseudogenes, transposable elements etc) of the region in question, in order to be aware of potential issues when choosing a program or interpreting the data. The genomic organisation of the region should also be plotted to determine the order and arrangement of the genes in question. After plotting the genomic region, decisions on which regions to compare can be made. At this point, the researcher should be confident that the sequence data are accurate and that the appropriate genomic regions are being compared.
The second tier involves choosing the most suitable program for the comparison. Researchers should determine whether a program uses global or local alignment and, based on information gathered in tier one, determine which program to use. The window size of the program must be larger than the input sequence. Researchers need to know if the program automatically compares the complement, reverse sequence and reverse complement.
Finally, biological issues must be addressed in order to interpret the results fully. The first two tiers work to ensure the accuracy of the results. The possibility of pseudogenes, repeats, transposable elements and gene duplication must be considered when looking at the results, and when determining which regions to use. Researchers must also ensure that both strands are considered in the comparison. The final tier is for the accurate interpretation of the results.
The future of comparative genomics
Future directions for comparative genomics a technology lie in automated systems that make use of this tiered approach. A tiered approach is much like a step by step algorithm, the first step in developing a program. A program would be automated using minimal input from the user, selecting the regions to use and the databases from which to gather the information. After running the comparison, it would interpret the information based on parameters outlined by the programmer, but would be adjustable by the user. Comparative genomics studies are increasing in scope. A recent version of VISTA is capable of whole, multigenome alignment analysis. This program runs the alignments and can calculate statistical information on alignment percentage in exons and nonexons. 15 In addition, a recent program, ECR Browser, is capable of multiple genome alignments using the same dynamic alignment strategy as zPictures and allows the user dynamically to change the settings, scope and species of the comparison. 16 Automated selection of these parameters, based on a task specified by the user, would help to streamline these studies as their size and depth increase.
